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The notochord is one of the characteristic features of the phylum Chordata. The vertebrate Brachyury gene is known to be
essential for the terminal differentiation of chordamesoderm into notochord. In the ascidian, which belongs to the
subphylum Urochordata, differentiation of notochord cells is induced at the late phase of the 32-cell stage through cellular
interaction with adjacent endoderm cells as well as neighboring notochord cells. The ascidian Brachyury gene (As-T) is
expressed exclusively in the notochord-lineage blastomeres, and the timing of gene expression at the 64-cell stage precisely
coincides with that of the developmental fate restriction of the blastomeres. In addition, experimental studies have
demonstrated a close relationship between the inductive events and As-T expression. In the present study, we show that
overexpression of As-T by microinjection of the synthesized As-T RNA results in the occurrence, without the induction,
of notochord-specific features in the A-line presumptive notochord blastomeres. We also show that overexpression of As-T
RNA leads to ectopic expression of notochord-specific features in non-notochord lineages, including those of spinal cord and
endoderm. These results strongly suggest that the developmental role of the Brachyury is conserved throughout chordates
in notochord formation. © 1998 Academic Press
INTRODUCTION
The phylum Chordata comprises of three subphyla, Ver-
tebrata, Cephalochordata (amphioxus), and Urochordata
(tunicate). The notochord is one of the characteristic fea-
tures of chordates and plays fundamental roles in establish-
ing their body plan. Recently, several genes have been
shown to be involved in notochord formation during verte-
brate development (Ang and Rossant, 1994; Weinstein
et al., 1994; Talbot et al., 1995), including Brachyury.
Brachyury (T) was originally identified in the mouse by its
mutant phenotype (for review see Herrmann and Kispert,
1994); heterozygotes have short tails of varying length,
while homozygotes die on day 11 of gestation. In homozy-
gous embryos, posterior mesoderm formation through the
primitive streak is arrested, resulting in loss of trunk region
posterior to fore limb, and absence of a fully differentiated
notochord.
In the mouse, Brachyury (T) mRNA and protein are
detected transiently in nascent mesoderm migrating from
the primitive streak, and then continuously present in the
notochord (Herrmann et al., 1990). As the embryonic axis
elongates and tail formation proceeds, the expression do-
main of Brachyury becomes restricted to the notochord and
tail bud. The expression pattern of Brachyury homologues
appears to be essentially identical in vertebrate species
(Xenopus laevis, Smith et al., 1991; Danio rerio, Schulte-
Merker et al., 1992; and the chick, Kispert et al., 1995b).
The functional role of vertebrate Brachyury is also impli-
cated from the phenotype of the zebrafish mutant no tail
(ntl) which lacks notochord and posterior trunk (Halpern et
al., 1993); ntl has been revealed to be allelic with zebrafish
Brachyury (Schulte-Merker et al., 1994). Furthermore, the
overexpression experiments in Xenopus embryos revealed
that ectopic expression of Brachyury in animal pole ex-
plants is sufficient to induce formation of ventral meso-
derm (Cunliffe and Smith, 1992). Brachyury and its homo-
logues encode sequence-specific DNA-binding proteins and
are able to function as activators of transcription (Kispert
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and Herrmann, 1993; Kispert et al., 1995a; Conlon et al.,
1996).
Brachyury homologues have also been isolated from
non-vertebrate chordates, the ascidian tunicates Halocyn-
thia roretzi (Yasuo and Satoh, 1993, 1994) and Ciona
intestinalis (Corbo et al., 1997), and amphioxus (Holland et
al., 1995; Terazawa and Satoh, 1997). The expression pat-
tern of the ascidian Brachyury is significantly different
from that of vertebrate Brachyury. The ascidian Brachyury
transcripts are detected exclusively in notochord cells, just
after the cell fate of the presumptive notochord blastomeres
becomes restricted to notochord (Yasuo and Satoh, 1993,
1994; Corbo et al., 1997).
The notochord of the ascidian tadpole consists of 40 cells,
aligned in single file along the center of the larval tail.
Thirty-two of the 40 notochord cells occupy the anterior
four-fifths of the notochord and derive from 8 of the A-line
primordial notochord blastomeres of the 110-cell embryo,
while the other 8 posterior-most cells come from 2 of the
B-line primordial blastomeres of the 110-cell embryo (Fig. 1;
Satoh, 1994). These 10 blastomeres subsequently divide
twice to form 40 notochord cells. Blastomere isolation and
recombination studies performed by Nakatani and Nishida
(1994) indicated that the fate specification of the presump-
tive notochord blastomeres of the A-line is induced by a
signal emanating either from adjacent primordial endoderm
blastomeres or from neighboring presumptive notochord
blastomeres. Induction begins during the late 32-cell stage,
when the A-line presumptive notochord blastomeres still
have potential to form notochord and spinal cord, and is
completed by the 64-cell stage (Fig. 1). By this stage, the
A-line presumptive notochord blastomeres have divided to
form both notochord and spinal cord precursor cells; this
event is accompanied by concomitant detection of As-T
expression in the notochord precursors (Nakatani and
Nishida, 1994; Yasuo and Satoh, 1993, 1994). The A-line
presumptive notochord blastomeres, when isolated at the
early 32-cell stage, neither differentiate into notochord nor
express As-T. However, either coisolation or recombination
of these blastomeres with inducer blastomeres results in
notochord differentiation and expression of As-T (Nakatani
et al., 1996). Nakatani et al. (1996) have also demonstrated
that application of bFGF to the A-line presumptive noto-
chord blastomeres, after isolation at the 32-cell stage, has
the capacity to induce partial embryos in which all cells are
converted to a notochordal fate. Interestingly, these em-
FIG. 1. Diagram showing the lineage of notochord cells in the ascidian embryo. (Top) Embryos at the 8-, 16-, 32-, 64-, and 110-cell stages
and larva. The 8-cell embryo and larva are of lateral view. The 16-, 32-, 64-, and 110-cell embryos are viewed from the vegetal pole.
Presumptive blastomeres with potential to form not only notochord but also other types of cells are shaded in light blue, while primordial
blastomeres which are destined to produce notochord only are shaded in dark blue. Expression of As-T is observed only in the fate-restricted
notochord blastomeres.
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bryos express As-T in all cells by the equivalent of the
110-cell stage.
These reports have revealed that the expression of As-T is
closely associated with the determined state of the noto-
chord precursor cells. In this study, we have therefore
addressed a key question which has emerged, regarding
whether the expression of As-T is prerequisite and/or suffi-
cient for notochord differentiation in ascidians.
We show that overexpression of As-T mRNA causes the
expression of notochord-specific features in A-line pre-
sumptive notochord blastomeres, in the absence of an
endogenous inductive signal. This result suggests that the
expression of As-T is sufficient for differentiation of the
presumptive notochord A-line blastomeres. We also dem-
onstrate that overexpression of As-T RNA leads to ectopic
expression of notochord-specific features in nonnotochord
lineages.
These results provide direct evidence that ascidian
Brachyury plays a fundamental role in notochord formation
in this organism. We therefore propose that Brachyury may




Naturally spawned eggs of Halocynthia roretzi were artificially
fertilized. Fertilized eggs were raised in Millipore-filtered (pore size,
0.45 mm) seawater (MFSW) that contained 50 mg/ml streptomycin
sulfate and 50 mg/ml kanamycin sulfate at 13°C. Tadpole larvae
hatched approximately 35 h after fertilization.
Injection of Synthetic Capped RNA
As-T cDNA was subcloned into the EcoRI site of pBluescript
RN3 vector (Lemaire et al., 1995). As a control, lacZ cDNA with a
nuclear localization signal was also subcloned in the pBluescript
RN3 vector. Capped RNAs were synthesized from the T3 site of
plasmids linearized with SfiI, according to the method described by
Lemaire et al. (1995). In order to obtain a high proportion of capped
RNA, the concentration of GTP in the reaction was lowered 10-fold
and cap analogue 7mGpppG was added to a final concentration of
0.5 mM. After DNase I digestion of the template DNA, the RNA
was purified thorough phenol–chloroform extraction and then
ethanol–lithium precipitation, followed by three washes with 70%
ethanol.
Synthesized RNA (180 pg) was injected into fertilized eggs as
described previously (Hikosaka et al., 1992). For experiments
requiring isolation of blastomeres or continuous dissociation, fer-
tilized eggs were first dechorionated manually with sharpened
tungsten needles and then injected on 1% agar-coated plastic dish
filled with MFSW. The RNA-injected eggs were raised without
touching each other in 1% agar-coated plastic dishes containing
MFSW and isolation of blastomeres or continuous dissociation
were carried out subsequently.
Isolation of Blastomeres
Injected embryos were cultured to the 32-cell stage and then
identified blastomeres were isolated from the embryos with a fine
glass needle in 1% agar-coated plastic dishes containing MFSW
under a stereo microscope (Olympus SZH-10). Isolated blastomeres
were cultured separately to give rise to partial embryos.
Continuous Dissociation of Daughter Cells
through Cleavage Stages
The procedure was basically same as described previously
(Nishida, 1992). For a single experiment, 15 dechorionated, RNA-
injected, fertilized eggs were raised in agar-coated plastic dishes
filled with Millipore-filtered Ca21-free artificial seawater (CFSW).
Frequent agitation and gently pipetting were used to continuously
separate daughter cells at every cell division until the equivalent of
the 110-cell stage, and ensure that blastomeres do not adhere to
each other. The cells were than transferred to MFSW and allowed
to develop into partial embryos.
Tissue-Specific Markers
Differentiation of endodermal cells was recognized by histo-
chemical detection of alkaline phosphatase (AP) activity following
the method of Whittaker and Meedel (1989). 5-Bromo-4-chloro-3-
indolyl phosphate (BCIP) was used as substrate for the AP reaction,
which resulted in the formation of brownish purple deposits. The
monoclonal antibody Mu-2 reacts with the myosin heavy chain of
ascidians and therefore specifically recognizes muscle cells. The
monoclonal antibody 5F1D5 recognizes a notochord-specific anti-
gen, Not-1 (Nishikata and Satoh, 1990). Indirect immunochemical
staining was carried out using FITC-conjugated second antibodies
by standard methods. EpiD is an epidermis-specific gene (Ueki et
al., 1991). The detection of EpiD expression was carried out by
whole mount in situ hybridization as described previously (Yasuo
and Satoh, 1994).
RESULTS
Injection of As-T RNA Leads to Expression of
Notochord-Specific Features in Presumptive
Notochord Blastomeres in the Absence
of Inductive Signals at the 32-Cell Stage
Differentiation of A-line notochord cells requires an
inductive signal at the late phase of the cell cycle of the
32-cell stage, which is provided by adjacent endodermal
blastomeres or by neighboring presumptive notochord blas-
tomeres themselves (Nakatani and Nishida, 1994). After
induction, at the 64-cell stage, the developmental fate of the
A-line primordial notochord blastomeres is restricted to
notochord and the expression of As-T commences in these
fate-restricted blastomeres; As-T expression also requires
the inductive signal (Nakatani et al., 1996).
We therefore first asked whether the expression of As-T
was sufficient for differentiation of the A-line notochord
cells. To examine this issue, we injected As-T RNAs or lacZ
RNAs as a control into fertilized eggs of H. roretzi and
manually isolated A-line presumptive notochord blas-
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tomeres (A6.2 or A6.4) during the early phase of the cell
cycle at the 32-cell stage, before the occurrence of the
cellular induction event (Fig. 1). The isolated blastomeres
were cultured in isolation until middle tailbud or hatching
larval stages, when expression of notochord cell features
was detected in these partial embryos, either by monitoring
the expression of Not-1 antigen, or by morphological crite-
ria, respectively. A proportion of the embryos injected with
As-T RNAs were left to develop and found to develop
normally until the late gastrula stage (data not shown).
The partial embryos which had received the As-T RNA
injection developed notochord cell-specific morphology,
namely rice-shaped cells containing a single large vacuole
at one side (88.2%, n 5 85; Fig. 2D), and expressed Not-1
antigen (100%, n 5 17; Fig. 2B), at high frequency. In
contrast, these features were rarely observed in control
lacZ-injected embryos (Not-1 antigen 0%, n 5 15, Fig. 2A;
morphology 13.6%, n 5 88, Fig. 2C). These data clearly
demonstrate that the expression of As-T in the A-line
presumptive notochord blastomeres is sufficient to cause
expression of notochord characters. A few control partial
embryos showed morphological feature of notochord; how-
ever, this could be attributed to slightly late timing of
blastomere isolation.
Overexpression of As-T RNA Leads to Expression
of Notochord Features in Fully Dissociated
Embryonic Cells
In the previous experiment, overexpression of synthe-
sized As-T RNA in fertilized eggs promoted the ectopic
expression of notochord features in presumptive notochord
blastomeres, even when they were isolated at the early
phase of the 32-cell stage. However, we wanted to exclude
the possibility that precocious expression of As-T could
have resulted in the formation of an autocatalytic loop,
such as that which has been proposed to exist between Xbra
and eFGF during embryogenesis in Xenopus (Isaacs et al.,
1994; Schulte-Merker and Smith, 1995). We therefore re-
peated this experiment, but this time used a state of
continuous cell dissociation to examine the effect that
removal of any cell–cell signaling would have on notochord
differentiation. As-T-injected or control lacZ-injected fertil-
ized eggs were cultured in Ca21-free seawater, and all cells
were maintained continuously in a dissociated state until
the equivalent of the 110-cell stage. Individual cells were
then transferred to normal seawater and allowed to develop
into partial embryos. The continuous dissociation resulted
in negligible notochord development in the control experi-
ment (1.1%, n 5 1,227; Fig. 3A), as reported previously
(Nishida, 1992). In contrast, about 30% of As-T-injected
partial embryos developed vacuolated cells (30.9%, n 5
1465; Fig. 3B). These results indicate that expression of
notochord features following the overexpression of As-T
RNA does not require any cellular interaction, at least until
the 110-cell stage. We stopped the dissociation procedure at
the 110-cell stage, when the number of notochord precur-
sors is 10 in normal embryogenesis, i.e., approximately 9%
of the 110-cell stage embryo. However, we observed that in
the As-T-injected partial embryos the percentage of cells
showing notochord-specific morphology was 30%. This
suggests to us that the higher proportion of vacuolated cells
have formed not only from the notochord lineage, but also
from non-notochord lineages.
As-T RNA-Injection Changes the Fate of
Presumptive Spinal Cord Blastomeres
into Notochord
Nakatani et al. (1996) demonstrated that when A-line
presumptive notochord blastomeres were isolated early
during the 32-cell stage and treated with bFGF, all cells of
the resultant partial embryos developed notochord features
and expressed As-T transcripts, even though the A-line
presumptive notochord blastomeres at the 32-cell stage still
have two different cell fates: notochord and spinal cord.
This suggests that the bFGF treatment would change the
cell fate of the primordial spinal cord blastomeres into
notochord. bFGF has been shown to induce Brachyury
expression in Xenopus (Smith et al., 1991), and so we
wanted to ask whether the induction of As-T expression in
the presumptive spinal cord blastomeres was responsible
for or merely coincident with their change in cell fate.
FIG. 2. Expression of notochord-specific features in partial em-
bryos derived from the A-line notochord blastomeres isolated at the
32-cell stage. (A, B) Expression of the Not-1 antigen, as visualized
by immunofluorescence. (C, D) Morphology of partial embryos.
The A-line presumptive notochord blastomeres were isolated from
lacZ RNA-injected 32-cell embryos (A, C) or As-T RNA-injected
32-cell embryos (B, D). Notochord cells with a vacuole and an
elongated profile are indicated by an arrow in D. Scale bar, 50 mm.
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We therefore examined the effects of As-TRNA injection
on the cell fate of the spinal cord blastomeres. As-T RNA
was injected into fertilized eggs and the A-line presumptive
notochord/spinal cord blastomeres (A6.2 or A6.4) were
isolated during the early phase of the 32-cell stage. Follow-
ing the subsequent cell division, that is to say, after segre-
gation of notochord and spinal cord fates into each sister
blastomere normally occurs, they were separated manually
and cultured until the sibling controls reached larval stages.
The differentiation of notochord cells was then assessed
using morphological criteria. Due to differences in blas-
tomere size and amount of yolk between sister blastomeres,
we were able to distinguish the primordial spinal cord
blastomeres from the primordial notochord blastomeres
(Fig. 4A). The partial embryos derived from the spinal cord
blastomeres of the As-T RNA-injected embryos were found
to contain cells with a typical notochordal morphology
(54.8%, n 5 42; Fig. 4E). In lacZ RNA-injected control
partial embryos, spinal cord blastomeres never showed the
morphological feature of notochord cells (0%, n 5 48; Fig.
4C).
Repetition of these experiments with blastomeres iso-
lated directly from 64-cell stage embryos led to similar
observations. Spinal cord blastomeres (A7.4 or A7.8) were
isolated directly from the 64-cell embryos which had been
injected with As-T (50.0%, n 5 28) or lacZ (0%, n 5 15)
RNAs (data not shown).
These results demonstrate that overexpression of As-T
leads to ectopic expression of a notochord features in the
primordial spinal cord blastomeres.
Overexpression of As-T RNA Results in Ectopic
Expression of Notochord-Specific Markers
in Non-notochord Lineages
To study the effects of overexpression of As-T RNA on
blastomeres of non-notochord lineages, the expression of
several tissue-specific markers was observed in the As-T
RNA-injected and control embryos. Expression of the
epidermis-specific marker EpiD was found to be similar in
both As-T-injected and control embryos (Figs. 5G and 5H).
Muscle expression was detected using an antibody Mu-2,
which recognizes myosin heavy chain. As-T-injected em-
bryos stained positively with Mu-2; however, staining ap-
peared to be restricted to a smaller region than in control
embryos (Figs. 5C and 5D). Alkaline phosphatase (AP)
activity, which is a marker of endoderm, was detected very
weakly in the As-T-injected embryos, compared to controls
(Figs. 5E and 5F). However, expression of Not-1 antigen in
the As-T-injected embryos appeared to be broader than in
control embryos (Figs. 5A and 5B).
From these data, it appeared that the overexpression of
As-T RNA resulted in an expansion of the domain of Not-1
antigen expression, but that this was accompanied by a loss
of expression of the endodermal marker AP. This suggested
that As-T was affecting the fate of blastomeres of several
different cell lineages, and not just the spinal cord blas-
tomeres. We therefore used two different approaches in
order to identify which blastomeres were ectopically ex-
pressing notochord features in As-T-injected embryos. First,
we studied expression of the tissue-specific markers in
As-T-injected and cytokinesis-arrested embryos. In cy-
tochalasin B-treated embryos, cytokinesis is blocked but
nuclear divisions still continue, and the arrested blas-
tomeres continue to differentiate and express tissue-
specific markers in the appropriate cell lineages. This type
of cytokinesis arrest experiment and the detailed knowl-
edge of the cell lineage in ascidian embryos allows blas-
tomeres ectopically expressing tissue-specific markers to be
identified. Cytochalasin B was applied to arrest cytokinesis
from the 64-cell stage until the equivalent of the middle-
tailbud stage. Control cleavage-arrested embryos which had
been injected with lacZ RNA, expressed Not-1 antigen in
the four blastomeres which would correspond to the A-line
notochord blastomeres (A7.3 and A7.7 pairs; Fig. 6B). How-
ever, in the As-T-injected embryos, Not-1 expression was
FIG. 3. Expression of notochord morphological feature in fully
dissociated cells. The fertilized eggs injected with lacZ (A) or As-T
(B) RNA were cultured in calcium–magnesium-free Millipore-
filtered seawater (MFSW) until an equivalent of the 110-cell stage
and then allowed to develop in normal MFSW. Arrows indicate
partial embryos which contain notochord cells (B).
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detected not only in these four blastomeres, but was addi-
tionally observed in the blastomeres located in the
endoderm region in the vegetal hemisphere (Fig. 6C). In the
animal hemisphere, the blastomeres located at the anterior
margin of the embryo were also found to express Not-1
antigen (Fig. 6D). Judging from their position, these blas-
tomeres would correspond to those of the neural lineages
(Fig. 6A). The majority of cells in the animal hemisphere,
which corresponds to the epidermal lineage, never ex-
pressed Not-1 antigen. This observation cannot be ex-
plained by the absence of injected As-T RNA in the animal
hemisphere because whole-mount in situ analysis of the
As-T RNA-injected embryos revealed that the RNA was
distributed throughout almost all parts of the embryo,
although the distribution pattern was sometimes mosaic
within individual embryos (data not shown). The expres-
sion of Mu-2 antigen was found in the primary muscle
blastomeres (B7.4, B7.5, and B7.8 pairs) in both control and
As-T-injected embryos (Figs. 6E and 6F). AP activity was
severely reduced in the As-T-injected embryos compared to
lacZ-injected controls (Figs. 6G and 6H).
We then employed a second method, blastomere isolation,
in order to address more precisely which blastomeres were
gaining notochord-specific features as a result of overexpres-
sion of As-T RNA. As-T RNA was injected into fertilized eggs
and these were cultured until the 32-cell stage when relevant
blastomeres were isolated. We first isolated all blastomeres
(A6.1, A6.2, A6.3, A6.4, B6.1, B6.2, B6.3, and B6.4) in the
vegetal hemisphere (Figs. 7A and 7B), although isolated pre-
sumptive notochord blastomeres (A6.2 and A6.4) were not
further analyzed in this experiment. The cell fates of these
blastomeres are endoderm (A6.1), endoderm/trunk lateral
cell (A6.3), endoderm/endodermal strand (B6.1), muscle/
mesenchyme/notochord (B6.2), muscle/endoderm/endoder-
mal strand (B6.3), and muscle/mesenchyme (B6.4), respec-
tively. The isolated blastomeres were allowed to develop in
isolation until the larval stage equivalent and then the result-
ant partial embryos were scored for the presence of cells
exhibiting characteristic notochord morphology. In the partial
embryos derived from the As-T RNA-injected embryos, large
and vacuolated cells were observed. The partial embryos
derived from A6.1, A6.3, and B6.1 showed these features at a
high rate (Figs. 7D, 7F, and 7H) (67.5%, n 5 40; 61.5%, n 5 39;
and 76.6%, n 5 47, respectively), while those from the B6.2,
B6.3, and B6.4 also expressed notochord morphology, but at a
lower rate (Figs. 7J, 7L, and 7N) (16.6%, n 5 42; 16.7%, n 5 24;
and 6.1%, n 5 33, respectively). In contrast, control partial
embryos never expressed the features of notochord cell (Figs.
7C, 7E, 7G, 7I, 7K, and 7M) (A6.1, n 5 47; A6.3, n 5 41; B6.1,
n 5 46; B6.2, n 5 40; B6.3, n 5 26; and B6.4, n 5 32).
The same approach was then applied to neural lineage
blastomeres in the animal hemisphere of the 32-cell stage
FIG. 4. Expression of notochord features in partial embryos derived from spinal cord lineages. (A) Procedure for isolation of spinal cord
blastomeres. (B–E) Partial embryos derived from primordial notochord (B, D) or spinal cord (C, E) blastomeres. Spinal cord blastomeres
isolated from As-T RNA-injected embryos develop into partial embryos with cells showing notochord features (E). Prior to the procedure
shown in A, each blastomere was isolated from lacZ RNA-injected (B, C) or As-T RNA-injected 32-cell stage embryos (D, E). N, notochord;
SC, spinal cord. Scale bar, 50 mm.
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FIG. 5. Expression pattern of tissue-specific markers. (A, C, E, G) lacZ RNA-injected embryos. (B, D, F, H) As-T RNA-injected embryos.
Expressions of the Not-1 antigen (A, B) and myosin heavy chain (C, D) were visualized by immunofluorescence, and the activity of alkaline
phosphatase (E, F) was detected histochemically at middle tailbud stage. Expression of epidermis-specific gene (EpiD) was detected by whole
mount in situ hybridization at early tailbud stage (G, H). In (H), EpiD-negative area would correspond to neural and a part of spinal cord
blastomeres, which are not able to fold properly to form a neural tube in the As-T RNA-injected embryos.
164 Yasuo and Satoh
Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.
FIG. 6. Expression patterns of tissue-specific markers in cleavage-arrested 64-cell embryos. (A) Diagram showing the cell fate map of the
64-cell embryo. (B, E, G) lacZ RNA-injected embryos. (C, D, F, H) As-T RNA-injected embryos. (B, C, D) Expression of the Not-1 antigen
in vegetal (B, C) and animal (D) hemispheres. (E, F) Expression of the muscle-specific marker (myosin heavy chain). (G, H) Histochemical
detection of alkaline phosphatase.
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embryo (Figs. 8A and 8B). Epidermal lineage blastomeres
were not examined because we had not observed the ectopic
expression of Not-1 antigen in this lineage in cleavage-
arrested embryos (Fig. 6D). The neural lineage blastomeres
which expressed Not-1 antigen in the cleavage-arrest ex-
periments originate from the a6.5, a6.7, and b6.5 pairs of the
32-cell stage embryo. The cell fates of these blastomeres are
brain/pulps/primordial pharynx (a6.5), epidermis/sensory
pigment cell/brain (a6.7), and epidermis/brain stem cell/
spinal cord/muscle (b6.5), respectively. The majority of
partial embryos derived from the As-T-injected embryos
developed cells with a notochord morphology (Figs. 8D, 8F,
and 8H) (a6.5; 60%, n 5 45: a6.7; 76.9%, n 5 39: and b6.5;
70.6%, n 5 51, respectively). In contrast, control partial
embryos consisted only of very small cells which never
showed notochord features (Figs. 8C, 8E, and 8G) (a6.5, n 5
37; a6.7, n 5 35; and b6.5, n 5 46, respectively).
These results demonstrate that the overexpression of
As-T RNA results in the ectopic expression of notochord-
specific features in some non-notochord lineages, although
different lineages show different sensitivity to the overex-
pression of As-T.
DISCUSSION
Sufficiency of the Expression of As-T for
Development of Notochord Features
in A-Line Notochord Precursors
During ascidian embryogenesis, expression of As-T is
first detected in fate-restricted A-line notochord precursors
at the 64-cell stage soon after the cellular interaction at late
32-cell stage, which is required for notochord specification
and also for As-T expression (Nakatani and Nishida, 1994;
Yasuo and Satoh, 1993, 1994; Nakatani et al., 1996). This
provoked us to ask whether As-T expression was both
prerequisite and sufficient for notochord formation in the
A-line notochord precursors.
In this study, we have demonstrated that overexpression
of As-T RNA is sufficient to cause the A-line notochord
blastomeres to express notochord-specific features, even
when they are isolated at the early 32-cell stage, prior to the
time of the inductive signaling event (Fig. 2). Moreover, by
using stringent conditions of continuous dissociation (Fig.
3), we have shown that notochord development, as a result
of As-T overexpression, is fully cell-autonomous. This leads
us to conclude that As-T plays a fundamental role in
notochord formation in ascidians.
FIG. 7. Expression of notochord-specific morphological feature in
non-notochord lineages in vegetal hemisphere. (A) Diagram show
ing the vegetal view of the 32-cell embryo. (B) Isolated blastomeres
of the vegetal hemisphere of the 32-cell embryo. (C–N) Partial
embryos derived from lacZ RNA-injected (C, E, G, I, K, M) or As-T
RNA-injected embryos (D, F, H, J, L, N). (C, D) A6.1, (E, F) A6.3, (G,
H) B6.1, (I, J) B6.2, (K, L) B6.3, and (M, N) B6.4 partial embryos. Scale
bars represent 100 mm in B and 50 mm in C.
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Phenotypic analysis of vertebrate Brachyury mutants
(mouse, for review see Herrmann and Kispert, 1994; Danio
rerio, Halpern et al., 1993; Schulte-Merker et al., 1994)
indicates that Brachyury is required for notochord forma-
tion. Furthermore, the amphioxus homologue of Brachyury
is expressed, as in vertebrates, in limited domains including
notochord (Holland et al., 1995; Terazawa and Satoh, 1997).
Therefore, we propose that the developmental role of
Brachyury in notochord formation may be conserved
throughout the phylum Chordata.
Ectopic Expression of Notochord Features in Non-
notochord Lineages
Having demonstrated the sufficiency of As-T to induce
notochord in isolated notochord precursors, we then asked
whether ectopic expression of As-T in non-notochord lin-
eages would also result in notochord development.
We found that overexpression of As-T in whole embryos
led to ectopic induction of cells which expressed a
notochord-specific marker, Not-1 (Figs. 5 and 6), and to
exhibition of notochord-like morphology in blastomere
isolation experiments (Figs. 4, 7, and 8), in a wide range of
non-notochord cell lineages. However, the blastomeres of
the 32-cell stage embryo showed different sensitivity to
As-T overexpression. Both endodermal lineages (A6.1, A6.3,
and B6.1) and neural lineages (a6.5, a6.7, and b6.5) showed
high rates of ectopic formation of notochord-like cells. In
the case of spinal cord lineages, about half of partial
embryos derived from a mixture of A7.4 and A7.8 blas-
tomeres developed notochord-like cells (Fig. 4). In contrast,
ectopic expression of Not-1 antigen was not observed in
the epidermal region of As-T-injected and cytochalasin
B-treated embryos (Fig. 6D).
These differential responses could possibly be explained
by the requirement of As-T for a cofactor, which may be
present in the lineages with a high response rate. O’Reilly et
al. (1995) reported that Xbra and Pintallavis (Xenopus fork
head/HNF3 homologue) could act synergistically to form
dorsal mesoderm, including notochord, in presumptive ec-
toderm of Xenopus embryos. We have carried out prelimi-
nary investigations using the ascidian, Halocynthia roretzi,
fork head/HNF3 homologue, HrHNF-3, and find that this
gene is expressed in notochord, neural and endodermal
lineages as well as ventralmost ependymal cells of the
spinal cord (Shimauchi et al., 1997). This spatial expression
pattern of HrHNF-3 closely correlates with the cell lineages
which responded to As-T overexpression by development of
notochord-like cells at high rate, indicating that a synergis-
tic activity between ascidian homologues of Brachyury and
fork head/HNF3 could similarly be involved in notochord
differentiation in ascidians. In spinal cord lineages, how-
ever, this issue should be addressed more carefully.
HrHNF-3 is expressed only in ventralmost cells of the
spinal cord, which arise solely from A7.4 blastomeres. In
the present study, however, two different lineages, A7.4 and
A7.8, were analyzed together for the effect of As-T overex-
pression (Fig. 4). Therefore, an experiment in which A7.4
and A7.8 blastomeres are cultured separately after isolation
from the As-T RNA-injected embryos should be carried to
verify the possible synergistic activity between Brachyury
and fork head/HNF3 for notochord formation in ascidians.
In addition, it would be also necessary to ask whether
coinjection of As-T and HrHNF-3 RNAs into the epidermal
FIG. 8. Expression of notochord-specific morphological feature in
neural lineages. (A) Diagram showing the animal view of the
32-cell embryo. (B) Isolated blastomeres of neural lineages. (C–H)
Partial embryos derived from lacZ RNA-injected (C, E, G) or As-T
RNA-injected embryos (D, F, H). (C, D) a6.5, (E, F) a6.7, and (G, H)
b6.5 partial embryos. Scale bars represent 100 mm in B and 50
mm in C.
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lineage blastomeres would be sufficient to induce these
cells to express notochordal characteristics.
Overexpression of Xbra in presumptive ectoderm of Xe-
nopus embryos leads to formation of ventral and somitic
mesoderm, although the most dorsal tissue, notochord, is
not formed (Cunliffe and Smith, 1992; O’Reilly et al., 1995;
Tada et al., 1997). By contrast, in ascidians, no ectopic
expression of muscle or notochord markers was observed in
the epidermal lineages of the As-T RNA-injected embryos
(Figs. 6D and 6F). During ascidian embryogenesis, expres-
sion of As-T is restricted to notochord progenitors (Yasuo
and Satoh, 1993, 1994; Corbo et al., 1997). This expression
pattern of As-T suggests that its role is confined to noto-
chord formation in ascidian embryos. In other words, other
mesoderm tissues such as muscle must form without
Brachyury function in ascidian embryos. However, it would
be an interesting issue to ask whether ectopic expression of
As-T in the presumptive ectoderm of Xenopus embryos
results in the mesoderm formation.
Different Mechanisms for Notochord Specification
May Exist in A and B Lineages
Eight notochord cells at the posterior tip of the ascidian
larval tail derive from B-line notochord precursors. Unlike
the A-line notochord precursors, the cell fate restriction of
the B lineage occurs at the 110-cell stage, rather than at the
64-cell stage. The first detection of As-T transcripts in the
B-lineage notochord precursors is also at the 110-cell stage.
In the present study, we have shown that isolated B-line
presumptive notochord blastomeres respond to As-T over-
expression by developing notochord morphology, but at a
significantly lower frequency than do their A-line counter-
parts (16% compared to 88%; see Figs. 2 and 7J). These
results may reflect that different mechanisms are involved
in the differentiation of notochord in the A and B lineages.
Nakatani and Nishida (1994) showed that, as with the
A-line presumptive notochord blastomeres, cellular inter-
action is required for differentiation of the B notochord
lineage; B-line presumptive notochord blastomeres, when
isolated before the 32-cell stage, do not differentiate into
notochord cells. However, unlike the A-line notochord
lineage, bFGF treatment of isolated B-line presumptive
notochord blastomeres is unable to rescue notochord differ-
entiation, and rarely induces As-T expression (Nakatani et
al., 1996). Different mechanisms for notochord differentia-
tion along the anterioposterior axis have also been impli-
cated in the vertebrate Danio rerio, with the identification
of mutants momo and doc which exhibit specific deficien-
cies of trunk notochord, but have normal posterior noto-
chord (Odenthal et al., 1996).
How Can We Define Notochord Cells?
The notochord has two major roles during chordate
embryogenesis; the first is as a source of inductive signals
for the patterning of trunk structures, and the second is
as a supportive organ of the larval tail. A recent large-
scale genetic screen in zebrafish has led to the identifi-
cation of a number of genetic loci affecting the formation
of the notochord (Odenthal et al., 1996; Stemple et al.,
1996). Phenotypic analysis of the mutant embryos has
enabled the ordering of these genetic loci into a pathway
controlling notochord formation, comprising (1) the
specification of chordamesoderm, (2) early stages of no-
tochord differentiation, and (3) later stages of notochord
differentiation. In the zebrafish ntl mutant, notochord
precursors exist but fail to differentiate into vacuolated
notochord cells (Halpern et al., 1993). These precursors
seem to retain the ability to induce floor plate: sonic
hedgehog (shh) is able to mimic this step (Roelink et al.,
1994) and the notochord precursors of the ntl embryo
transiently express shh (Krauss et al., 1993). However,
these cells are not able to induce muscle pioneer cells.
These observations indicate that notochord cells are able
to perform at least one of their developmental roles in the
absence of ntl function. In the present study, in order to
assess the differentiated state of ascidian notochord cells,
we monitored the expression of the notochord-specific
antigen, Not-1, and/or the characteristic cell morphol-
ogy, including vacuolation, which are observed specifi-
cally in notochord cells. Not-1 antigen is a component of
the thick extracellular matrix surrounding the noto-
chord, known as the ‘‘notochordal sheath.’’ Each noto-
chord cell vacuole finally fuses together to form the
central matrix core of the notochord in hatching larvae
(Miyamoto and Crowther, 1985). Thus, both Not-1 ex-
pression and vacuolation seem to be markers of the
mechanical, supportive aspects of notochord differentia-
tion. To date, there is no evidence suggesting that the
ascidian notochord influences development of neighbor-
ing tissues or that it expresses signaling molecules, such
as shh. Therefore, in the present study, it is unclear
whether we can say that expression of As-T is sufficient
for ‘‘full’’ notochord differentiation in ascidian notochord
precursors.
During ascidian embryogenesis, the developmental
events for notochord differentiation have been defined
with spatial and temporal precision: the cellular interac-
tion required for notochord differentiation occurs at the
late phase of the cell cycle at the 32-cell stage, and the
expression of As-T starts at the 64-cell stage. This devel-
opmental model is extremely useful for enabling us to
understand more clearly the mechanisms underlying
notochord development, both in ascidians and in chor-
dates.
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